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Summary
Il4 and Il13, closely linked genes, are expressed mono-
allelically in TH2 cells. Four different approaches (RNA
FISH, cultures from Il13T-Il4/Il13-G4 mice, cultures
from heterozygous Il13-Il4 double knockout mice, and
a highly selected set of BABL/c*CAST/Ei clones dis-
playing strong Il4 allelic bias) were utilized to study
monoallelic expression of Il4 and coexpression of Il4
and Il13 on the same chromosome. There was a ran-
dom probability for expression of one or two Il4 and
one or two Il13 alleles; coexpression of cis and trans
Il4 and Il13 alleles was equally probable. Histone H3
acetylation of CNS1, located in the Il13-Il4 intergenic
region, was permissive for expression of IL-4 and IL-
13 but did not determine the degree of their expres-
sion. Thus, monoallelism at the Il4 locus is a complex
process; expression is linked to opening CNS1 but
probability of expression is controlled at other sites.
Based on these probabilities, individual cells ran-
domly express Il4 and Il13 alleles.
Introduction
Interleukin-4 (IL-4) and interleukin-13 (IL-13) are type I
cytokines encoded by two closely linked genes (Boulay
and Paul, 1992) located 12 kb apart in the TH2 cytokine
gene cluster on mouse chromosome 11 and human
chromosome 5 (Smale and Fisher, 2002) and are both
under the control of a recently described locus control
region (LCR) (Lee et al., 2003; Lee and Rao, 2004; Fields
et al., 2004). They share a degree of amino acid se-
quence similarity, utilize a common receptor chain (IL-
4Rα), and show some overlap in biological functions
(Zurawski and de Vries, 1994; Zurawski et al., 1995).
However, IL-4 is the central differentiation factor for
TH2 response development and immunoglobulin class
switching (Paul, 1991), whereas IL-13 is more important
in TH2 effector functions, such as mediation of resis-
tance to gastrointestinal nematodes and development
of airway hyperreactivity and bronchial epithelial meta-
plasia in murine models of asthma (Wynn, 2003). Dif-
ferential regulation of the production of these cytokines
may play an important role in their distinctive function
in specific disease settings.
IL-4 (Bix and Locksley, 1998; Hu-Li et al., 2001; Rivi-
ere et al., 1998) and IL-13 (Kelly and Locksley, 2000)
have been reported to be expressed monoallelically in
TH2 cells. Indeed, CD4 T cells that have been primed*Correspondence: lguo@niaid.nih.gov
2 These authors contributed equally to this work.in vitro to be TH2 cells often express IL-4 encoded by
only one of the two alternative alleles. We have argued
that the monoallelism of Il4 could be explained by prob-
abilistic transcription of Il4. In support of this, we have
shown that cells from recently differentiated TH2 cul-
tures that fail to produce IL-4 upon stimulation had sim-
ilar levels of mRNA for Gata3 to that of cells that did
produce IL-4 (Hu-Li et al., 2001; Guo et al., 2004).
GATA3 is strikingly upregulated in cells cultured under
TH2 conditions, and conditional deletion of Gata3 in ac-
tivated CD4 T cells prevents these cells from producing
substantial amounts of IL-4 even when differentiated
under TH2 conditions (Zhu et al., 2004). Furthermore,
purified IL-4-producing and IL-4-nonproducing cells
from TH2 cultures that had been “rested” in vitro had
similar patterns of chromatin accessibility at the Il4 lo-
cus (Guo et al., 2004). This implies that essentially all
the cells in the culture have differentiated to become
TH2 cells whether or not they produced IL-4 upon in
vitro stimulation. Using CD4 T cells from mice in which
eGfp had replaced the first exon of Il4 (the G4 allele) on
one chromosome, we found that cells that expressed
one Il4 allele were as likely to express the alternative
as the original allele on restimulation after an in vitro
rest period (Hu-Li et al., 2001)
This is consistent with the concept that transcription
of Il4 from either allele is determined by a stochastic
process in which the probability of expression from a
given allele is substantially less than one. Thus, many
TH2 cells would fail to express IL-4 encoded on either
allele, and of those that did express IL-4, the majority
would do so from a single allele. Indeed, the frequency
of cells that expressed both alleles was similar to that
which would have been expected if the determination
of expression of each allele were independent.
Within clones derived from TH2 cells, the proportion
of cells that express IL-4 encoded by the alternative
alleles varies; the pattern of expression of the two al-
leles is a stable property of the clone. In experiments
using TH2 clones from mice homozygous for the G4
allele (G4 mice), clones varied in the proportion of cells
that expressed GFP upon stimulation (Hu-Li et al.,
2001). We observed different patterns of demethylation
and histone acetylation at several DNase I hypersensi-
tive sites in the Il4 gene (CNS1, Il4 HSII, Il4 HSIII, and
Il4 VA) in these clones, and the degree of chromatin ac-
cessibility at these regions correlated with the propor-
tion of cells that expressed GFP upon stimulation (Guo
et al., 2002).
This led us to propose that as TH2 priming proceeds,
one or the other Il4 allele may acquire a more “open”
structure and a greater probability of expression, in turn
explaining the variable ratio of allelic expression in TH2
clones. Whether the events that resulted in a preferen-
tial expression of one allele at the Il4 locus also deter-
mined preferential expression of the cis allele at the Il13
locus and whether the decisions to express IL-4 and
IL-13 were linked has not been established. Here, we
have undertaken to examine these issues in an effort
to gain greater insight into the distinctive regulation of
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90Figure 1. Cytokine Production Analyzed by RNA FIAH and FACS
(A) Patterns of Il4 and Il13 nascent transcripts. One-round-primed C57BL6 TH1 and TH2 cells were stimulated for 50 min on coverslips that
had been coated with anti-CD3 and anti-CD28. After fixation, cells were hybridized to biotin-anti-Il13 and digoxigenin-anti-Il4 probes over-
night. The signals were detected with sheep anti-digoxigenin and mouse anti-biotin, followed by Alexa 594 donkey anti-mouse immunoglobu-
lin and Alexa 488 donkey anti-sheep immunoglobulin. A red dot indicates Il4 transcripts and a green dot, Il13 transcripts. Blue represents
DAPI nuclear staining. (a)–(i) show TH2 cells with different patterns of expression of Il4 and/or Il13 transcripts; (j), a TH2 cell negative for both
Il4 and Il13; (k), a TH1 cell; and (l), a TH2 cell hybridized to Il4 and Il13 antisense probes.
(B) FACS analysis of IL-4 and IL-13 expression of cells from the same TH2 culture as analyzed in Figure 1A.IL-4 and IL-13 expression. We also wished to establish t
swhat portion of the Il4 locus was responsible for the
striking advantage in expression of one or the other Il4 c
pallele in those clones that show such a polarized ex-
pression. (
p
tResults
I
tNascent Transcripts Observed by RNA FISH Reveal
da Random Expression of Il4 and Il13 Alleles
dand an Independent Coexpression of Il4 and Il13
gIl4 and Il13 have been reported to be expressed mono-
iallelically in TH2 cells. This conclusion has come from
othe study of expression of heterozygous mice express-
ing a wild-type Il4 allele and a knocked-in simulated
oIl4 allele (either the G4 allele or that resulting from the
sinsertion of Cd2 into the Il4 locus) (Hu-Li et al., 2001;
ERiviere et al., 1998) or from the study of BALB/c * CAST/
tEi F1 mice, representing a subspecies cross (Bix and
1Locksley, 1998). The former represents an artificial situ-
pation and in the latter, due to limitations in detection of
athe allelic origin of Il4, only a very limited number of
(clones were analyzed and only qualitative data were
obtained. To analyze statistically significant numbers of
4cells and to ask whether monoallelism occurs in normal
acells expressing natural alleles, we used RNA fluores-
ocence in situ hybridization (FISH). RNA FISH reveals the
pposition of the transcribed gene(s) within the nucleus
Iat the single cell level and allows one to determine
whether the cis or trans natural alleles of Il4 and Il13
ware used in cells from populations that are actively tran-
sscribing both cytokines.
aTo detect nascent transcripts, one-round-primed TH1
and TH2 cells were stimulated for 50 min on coverslips lhat had been coated with anti-CD3 and anti-CD28. The
ame cell preparations were also stimulated in tissue
ulture wells, and expression of IL-4 and IL-13 at the
rotein level was determined by intracellular staining
Figure1B). RNA FISH using a digoxigenin-labeled Il4
robe revealed that w60% of the cells exhibited one or
wo “dots” (Figure 1A), consistent with the frequency of
L-4-producing cells observed from FACS analysis of
he same population. We never observed three or more
ots in an individual cell. Furthermore, no dots were
etected in TH1 cells analyzed under the same strin-
ent hybridization conditions and in TH2 cells hybrid-
zed to an Il4 antisense probe, indicating the reliability
f the RNA FISH analysis.
A total of 648 of cells were Il4 or Il13 single positive
r Il4/Il13 double positive (Table 1). The Il4 detection
ystem yielded red dots and the Il13, green dots (see
xperimental Procedures). The distribution of cells
ranscribing IL-4 and IL-13 alone or both IL-4 and IL-
3, determined by FISH, was similar to that of cells ex-
ressing the same pattern of IL-4 and/or IL-13 protein,
s determined by cytosolic staining and FACS analysis
Figure 1B) (Table 1) (p = 0.373, by Fisher’s exact test).
Of the 538 cells positive for Il4 expression by FISH,
55 expressed only one allele and 83 expressed both
lleles. A similar analysis of Il13 expression was carried
ut. 305 Il13-positive cells included 246 cells that ex-
ressed Il13 monoallelically and 59 that expressed
l13 biallelically.
To address the question of Il4 and Il13 coexpression,
e analyzed cells that showed a single Il4 dot and a
ingle Il13 dot (Figure 1A). Both separate dots (red [Il4]
nd green [Il13]) (Figure 1Af) and overlapping dots (yel-
ow) (Figure 1Ae) were observed, the former indicating
Monoallelic Expression of Il4 and Il13
91Table 1. FISH Analysis of Il4 and Il13 Transcription Patterns
Statistics of Different Cytokine Production Patterns Observed by RNA FISH
IL-4/IL-13 Double Positive
1 IL-4 and 1 IL-4 and
Il-4 Single Positive IL-13 Single Positive 1 IL-13 1 IL-13 1 IL-4; 2 IL-4; 2 IL-4;
Cells 1 Allele 2 Alleles 1 Allele 2 Alleles Together Separate 2 IL-13 1 IL-13 2 IL-13
FISH Obs. pattern a b c d e f g h i
Cell numbers 289 54 85 25 78 63 25 20 9
Comparison of Cytokine Production Observed by FACS and FISH
IL-4/IL-13 Double
IL-4 Single Positive IL-13 Single Positive Positive Total Positive
Obs. FACS 38.8% 12.8% 19.6% 71.2%
Obs. FISH 343 110 195 648
(cell numbers)
Exp. FISH 357 118 181
(cell numbers)
Abbreviations: Obs, observed; Exp, expected (both based on the distribution of single- and double-positive cells by FACS analysis).that the expressed genes were on different chromo-
somes and the latter indicating that they were on the
same chromosome (and closely linked). As shown in
Table 1, 78 cells contained one yellow dot (Figure 1Ae),
and 63 cells contained one green and one red dot (Fig-
ure 1Af), implying that cis and trans expression were
almost equally likely (p = 0.238). Similarly, the frequency
of cells expressing one Il4 allele and two Il13 alleles,
two Il4 alleles and one Il13 allele, and two Il4 and two
Il13 alleles were consistent with random expression
(p = 0.159, by the truncation multinomial likelihood ratio
test). Overall, the FISH data supported the conclusion
that both Il4 and Il13 could be expressed monoalleli-
cally or biallelically in individual cells and that the ex-
pression of individual alleles was random, with no pref-
erence for coexpression of cis alleles.
Analysis of Il13T-Il4/Il13-G4 Cultures Supports
Random Expression of IL-4 Allele Products and
the Independent Coexpression of IL-4 and IL-13
As an alternative way to distinguish expression of the
Il4 alleles and the Il13 alleles, Il13 knockout (Il13T) mice
(McKenzie et al., 1998) were crossed to G4 mice. The
resulting F1 mice have the genotype Il13T-Il4/Il13-G4
(Figure 2A). Thus by analyzing the coexpression of IL-
13 and GFP, we can determine whether there is linked
expression of alleles on the same chromosome.
CD4 T cells were isolated from lymph nodes and cul-
tured with anti-CD3 and anti-CD28 with antigen-pre-
senting cells under TH2 conditions for 4 days. After be-
ing cultured in IL-2-containing medium for an additional
2 days, cells were restimulated, and cytokine produc-
tion was determined by intracellular staining. Correla-
tion of cytokine coexpression was calculated from dot
plots by using the test for f correlation coefficients
(Bishop et al., 1975; Dorner et al., 2002) according to
the equation f = (ad − bc)/[(a + b)(c + d)(a + c)(b + d)]1/2,
where a = percentage of cells in the lower left, b = per-
centage of cells in the lower right, c = percentage of
cells in the upper left, and d = percentage of cells in
the upper right quadrant of the flow cytometric plots
(Figure 2B). A f of +1 indicates complete concordancein expression, 0 indicates random expression, and –1
indicates exclusion in expression. The f for IL-13 ver-
sus GFP was 0.05, indicating that there was little or no
association of coexpression of the linked alleles. Asso-
ciation was also tested by using Fisher’s exact test,
which gave a p value of 0.449.
A series of clones from (Il13T-Il4/Il13-G4) F1 and (Il13-
Il4/Il13-G4) F1 mice were developed by priming single
naïve CD4 cells under TH2 conditions. The percentage
of GFP-, IL-4-, and IL-13-positive cells in each clone
was determined. Approximately 100 clones of each ge-
notype were analyzed (Figure 2D). There was no greater
likelihood of coexpression of linked alleles (Il13 versus
G4; R2 = 0.02, p = 0.0961) than of unlinked alleles (Il13
versus Il4; R2 = 0.18, p < 0.0001). The same analysis of
clones from control F1 mice yielded R2 values of 0.07
(p = 0.0001) for IL-13 versus GFP and 0.28 (p < 0.0001)
for IL-13 versus IL-4. These results indicated that both
in bulk populations of recently primed TH2 cells and in
TH2 clones, there was no greater likelihood of coex-
pression of linked than unlinked Il13 and Il4 alleles. The
statistically significant associations sometimes ob-
served (i.e., p values <0.05) may simply reflect the fact
that certain clones are more likely to produce any cy-
tokine than other clones are. However, the R2 values
for the association of the unlinked alleles (IL-13 versus
IL-4) were greater than for the association of the linked
alleles, supporting the conclusion that there was no
greater likelihood of expression of the linked than the
unlinked alleles.
Analysis of Coexpression of IL-13 and IL-4
with Cells from Il13-Il4 Double Knockout
Mice Also Supports Lack of Linked
Expression at the Two Loci
To further study the coexpression of alleles of Il4 and
Il13 on the same chromosome, we used mice heterozy-
gous for an Il13-Il4 double knockout. On the targeted
chromosome, the deletion started from the third exon
of Il13, included the entire intergenic region, and ended
in the third intron of Il4 (McKenzie et al., 1999). Thus,
these mice have only one copy of Il13 and Il4 genes,
Immunity
92Figure 2. Analysis of Coexpression of IL-4 and IL-13 with Cells from Il13T-Il4/Il13-G4 Mice
(A) Diagram of Il13T-Il4/Il13-G4 alleles.
(B) Method of calculation of f, for evaluation of the degree of linkage of the expression of IL-4, IL-13, and GFP. “a” indicates the percentage
of double-negative cells, “b” and “c,” single-positive cells, and “d,” double-positive cells, as in a typical FACS analysis.
(C) Expression of GFP and IL-13 in one-round-primed TH2. Lymph node CD4 T cells from Il13T-Il4/Il13-G4 mice were cultured with anti-CD3;
anti-CD28; and T depleted, irradiated, splenocyte-derived APC for 4 days. After an additional 2 days in IL-2-containing medium, cells were
restimulated, and GFP and cytokine expression were analyzed on a FACSCalibur. f correlation coefficient and p value by Fisher’s exact test
were calculated for the association of each pair.
(D) Expression of IL-4, GFP, and IL-13 in clones from Il13T-Il4/Il13-G4 mice. Clones were developed from naive lymph node CD4 T cells from
both Il13T-Il4/Il13-G4 mice and Il13-Il4/Il13-G4 mice. w100 clones from each donor were analyzed for their expression of GFP and cytokines
on a FACSCalibur. The percentage of cytokine or GFP positive cells were plotted; R2 and p values of each trend line were calculated.they are on the same chromosome, and both are “natu- A
tral” alleles.
CD4 T cells were individually purified from two wild- f
Ttype mice or two heterozygous double knockout mice.
They were primed with anti-CD3 and anti-CD28 in the c
spresence of antigen-presenting cells under TH2 condi-
tions for 4 days. After culture in IL-2 for an additional 2 o
hdays, they were restimulated. Cytokine production was
measured by intracellular staining (Figure 3A). The f c
avalues for coexpression of IL-4 and IL-13 were 0.07 and
0.07 for cells from the knockout mice and were 0.05 c
kand 0.09 for cells from the wild-type mice, indicating
random expression of the linked alleles. Using Fisher’s l
mexact test, the p values for association of IL-4 and IL-
13 were 0.6276 and 0.4622, respectively, for cells from o
gthe knockout mice and were 0.6697 and 0.5741, re-
spectively, for cells from the wild-type mice, none of a
iwhich are significant.
Thirty-six TH2 clones were prepared from CD4 T cells b
from the knockout mice. The percentage of IL-4-posi-
tive cells versus IL-13-positive cells was plotted (Figure t
s3B). The R2 value was 0.10, consistent with a random
expression of the linked Il13 and Il4 alleles (p = 0.154).nalysis of BALB/c * CAST/Ei F1 Clones Indicates
he Importance of CNS1 in Permissiveness
or Il4 and Il13 Expression
he results presented thus far indicate little or no asso-
iation in expression of Il13 and Il4 alleles from the
ame chromosome and a relatively random likelihood
f expression from alternative alleles. On the other
and, previously reported results indicated that CNS1
ontrolled expression of both IL-4 and IL-13 (Loots et
l., 2000; Mohrs et al., 2001). The possibility that CNS1
ontrolled permissiveness for expression of both cyto-
ines was considered. To test this, we examined a se-
ected group of TH2 clones from BALB/c * CAST/Ei F1
ice that showed a very strong bias in the expression
f one or the other Il4 allele. Because we cannot distin-
uish the alternative allelic protein products, we took
dvantage of a single nucleotide polymorphism (SNP)
n Il4 exon 4 to measure expression of the two alleles
y real-time PCR analysis.
We designed a common 5# primer to span the junc-
ion of exon 3 and exon 4, thus excluding a possible
ignal from genomic DNA contamination. The 3# primerwas also the same for both alleles. Allele-specific
Monoallelic Expression of Il4 and Il13
93Figure 3. Expression of IL-4 and GFP in Bulk Cultures and Clones from Heterozygous Il13-Il4 Double Knockout Mice
(A) Expression of IL-4 and IL-13 in one-round-primed TH2 cells. Lymph node CD4 T cells of either heterozygous Il4-Il13 double knockout
mice or wild-type C57BL6 mice and cultured with anti-CD3; anti-CD28; and T depleted, irradiated, splenocyte-derived APC for 4 days. After
an additional 2 days in IL-2-containing medium, cells were restimulated and then intracellular staining was performed to analyze cytokines
production on a FACSCalibur. Abbreviations: wt, wild-type C57BL6 mice; DKO, heterozygous Il4/Il13 double knockout mice. f correlation
coefficients and p values by Fisher’s exact test were calculated for the association of each pair.
(B) The expression of IL-4 and IL-13 in clones. Single-cell clones were developed from heterozygous Il13-Il4 double knockout mice. Thirty-
six clones were analyzed for their cytokine production by intracellular staining. The percentage of IL-4 and IL-13 positive cells was plotted;
R2 and p values were calculated.probes, labeled with different dyes, were designed and
carefully titrated. The common primer pair and both
probes were added into every PCR reaction. Due to the
competition of the two probes, this approach gave a
better allelic discrimination than was obtained by carry-
ing out two PCR reactions with one probe for each. To
exclude the possibility of a dye effect, we exchanged
the dyes for two probes and found that the standard
dose-response curves were indistinguishable.
As a standard, BALB/c Il4 cDNA and CAST/Ei Il4 cDNA
were mixed at different ratios with the total amount held
constant (10 ng). Ratios of BALB/c cDNA versus CAST/
Ei cDNA were plotted against CT (CTCAST-CTBALB),
which gave a formula y = 3.92Ln(x) + 0.45. Ratios of
unknown samples were calculated (Figures 4A and 4B).
We typed w900 clones from the BALB/c Il4 * CAST/
Ei Il4 F1 TH2 cells. Of these, we selected seven clones
in which the expression of the BALB/c Il4 allele was
strongly favored (3- to 9-fold; mean = 6.80) and seven
clones in which the CAST/Ei Il4 allele was strongly fa-
vored (5- to 10-fold; mean = 5.88).
Allele-specific histone acetylation was measured at
sites CNS1, Il4 HSVA, and Il4 HSIII in these clones. The
original data for CNS1 is presented in Figure 4C. The
ratio of expression of the BALB/c to the CAST/Ei allele
for each clone is presented in Table 2. The ratio of the
mean ratios of histone H3 acetylation at CNS1 region
of the clones preferentially expressing the BALB/c al-
lele to that of the clones preferentially expressing the
CAST/Ei allele was 13.1. The p value for the comparison
of the ratios was 0.0021 (Wilcoxon rank sum statistic).
By contrast, there were barely significant differences in
histone H3 acetylation at the alternative Il4 HSIII site
(ratio of ratios = 1.4; p = 0.0149) and no association at
Il4 HSV (ratio of ratios = 1.2, p = 1.0). We also observedA
similar degrees of “accessibility” at HSIII and VA in thetwo groups using restriction enzyme accessibility
analysis (data not shown).
Allele-specific Il13 mRNA levels were also measured
for these selected clones. In contrast to what was ob-
served for unselected clones in the previous experi-
ments, clones that showed a major preference for ex-
pression of a given Il4 allele showed preferential
expression of the Il13 allele encoded on the same chro-
mosome. The mean ratios in these two groups were
4.10 and 0.54, respectively (ratio of ratios = 7.6, p =
0.0026). The ratio of rations of the mean histone H3
acetylation ratios at site Il13 HSII was 1.5 (p = 0.1255).
We also measured the frequency of IL-4- and IL-13-
positive cells in seven of these selected clones (Figure
4D) and the total amount of Il4 and Il13 mRNA in these
clones (Figure 4E). Interestingly, although these clones
revealed linkage in expression of Il4 and Il13 alleles,
there was essentially no association in the actual de-
gree of expression of IL-4 and IL-13, which should
largely have been encoded by alleles on the same chro-
mosomes. The R2 value for coexpression of the fre-
quency of IL-4- and IL-13-producing cells was 0.02 (p =
0.541) (Figure 4D) and for the coexpression of total Il4
and Il13 mRNA was 0.01 (p = 0.639) (Figure 4E).
Discussion
Until recently, monoallelic expression was believed to
be limited to the control of genes in which there was an
advantage to the products of only a single allele being
expressed, such as the case for receptors that con-
veyed clonal specificity to cells (i.e., immunoglobulins,
T cell receptors, NK cell receptors, and odorant recep-
tors) (Bergman, 1999; Held et al., 1995, Chess et al.,
1994); in X chromosomal genes (Lyon, 1999), to provide
dosage compensation in female cells; and in cases of
Immunity
94Figure 4. Analysis of IL-4 and IL-13 Produc-
tion by BALB/c * CAST/Ei Clones
(A and B) Standard curve for allelic PCR
analysis. Samples consisted of 10 ng of
either BALB/c Il4 cDNA or CAST/Ei Il4 cDNA
or a mixture in the indicated ratio. Four repli-
cates were performed for each sample. For
each single PCR reaction, the common primer
set and the two allelic specific probes, labeled
with different dyes, were added. Ratios of
BALB/c cDNA versus CAST/Ei cDNA were
plotted against CT (CTCAST-CTBALB) in (B).
(C) Real-time PCR analysis of histone ace-
tylation at site CNS1. Error bars indicate
mean ± SD.
(D) Expression of IL-4 and IL-13 measured
by flow cytometry in selected BALB/c *
CAST/Ei clones. Expression of IL-4 and IL-
13 in seven selected BALB/c * CAST/Ei clones
was analyzed by intracellular staining and
the percentage of IL-4-positive cells versus
IL-13-positive cells was plotted.
(E) Expression of Il4 and Il13 mRNA in se-
lected BALB/c * CAST/Ei clones. Total mRNA
amount of Il4 and Il13 was measured by real-
time PCR and plotted.imprinting (Bartolomei and Tilghman, 1997). There are r
Ialso instances of full or partial monoallelism due to
polymorphisms in regulatory elements that provide one a
mallele with a selective advantage over the other (Hud-
son, 2003; Pastinen and Hudson, 2004). Genes ex-
bpressed at very low levels may also show preferential
expression of one or the other allele due to completely s
crandom events (Kuznetsov et al., 2002).
Recently, a set of genes has been identified that o
tshow random monoallelic expression, including the cy-
tokine genes Il4, Il13, Il5, and Il2 (Bix and Locksley, t
v1998; Hollander et al., 1998; Hu-Li et al., 2001; Kelly and
Locksley, 2000; Riviere et al., 1998). e
fMuch of the evidence supporting monoallelic expres-
sion of Il4 has been based on the analysis of the relative F
texpression of a natural Il4 allele and of an artificial al-
lele, either G4 or Cd2 (Hu-Li et al., 2001; Riviere et al., p
s1998), or has been obtained in crosses between sub-
species of mice (Bix and Locksley, 1998). Here, we have t
ishown through an analysis of nascent transcripts of
natural alleles of Il4 with FISH that in a population of secently differentiated TH2 cells, not all cells transcribe
l4 and of those cells that do, most do so from a single
llele, confirming the conclusion that Il4 is expressed
onoallelically in most TH2 cells.
We have argued that Il4 monoallelic expression could
e accounted for by a process in which there is
tochastic regulation of IL-4 expression in an individual
ell (Hu-Li et al., 2001; Guo et al., 2004). The probability
f expression would be based on the set of expressed
ranscription factors and the state of accessibility of
he gene and would therefore be at the level of the indi-
idual allele. For IL-4, it appears that the probability of
xpression in most TH2 cells, particularly recently dif-
erentiated TH2 cells, is considerably less than one (see
igures 5A and 5B). The system of probabilistic regula-
ion of IL-4 production could explain monoallelic ex-
ression even if the two alleles in a given cell have the
ame probability of expression. Further, because the
wo alleles may acquire a different degree of accessibil-
ty, individual cells (or clones derived from them) may
how a preference, sometimes a marked preference,
Monoallelic Expression of Il4 and Il13
95Table 2. Correlation of Degree of Histone Acetylation with the Level of Il4 and Il13 Expression in Selected BALB/c * CAST/Ei F1 Clones
Histone Histone Histone
IL-13 RNA Histone Acetylation Acetylation Ratio Acetylation Ratio Acetylation Ratio
Clone Number IL-4 RNA Ratio Ratio Ratio at CNS1 at Il4 VA at Il4 HSIII at Il13 HSII
Group 1: Favor BALB/c Allele
6 7.8 5.3 8.0 1.0 2.0 2.5
7 4.8 3.1 4.8 1.5 2.0 1.8
27 9.0 0.8 5.0 4.0 1.7 3.5
28 8.5 9.0 15.1 5.0 2.3 4.0
30 8.0 8.0 7.0 2.0 1.8 2.5
p4-47 3.2 1.2 5.0 2.2 2.2 U.D.
15 6.3 1.3 1.1 2.2 1.1 1.3
Group 2: Favor CAST/Ei Allele
13 0.2 0.5 0.4 1.1 1.3 1.6
45 0.2 0.6 0.5 1.6 1.5 1.8
49 0.1 0.4 0.5 1.6 1.4 1.7
50 0.2 0.8 0.7 2.8 1.0 2.0
p5-40 0.2 0.6 0.9 2.3 1.0 U.D.
p3-15 0.2 0.3 0.3 2.5 1.6 1.3
42 0.1 0.7 0.2 3.0 1.6 2.0
Average of Group 1
6.80 4.10 6.56 2.56 1.87 2.60
Average of Group 2
0.17 0.54 0.50 2.13 1.34 1.73
STD EV of Group 1
2.14 3.39 4.31 1.42 0.40 1.01
STD EV of Group 2
0.05 0.20 0.28 0.71 0.26 0.27
P Value (Wilcoxon Statistic)
0.0017 0.0026 0.0021 1.0 0.0149 0.1255
Ratios were calculated as BALB/c allele to CAST/Ei allele. U.D., undetermined. The p value was calculated by Wilcoxon rank sum statistic.for the expression of one or the other allele and that
preference is inherited by descendents of the cell. In-
deed, by utilizing a series of clones, we showed that in
TH2 cells the likelihood of expression of the two alleles
was not uniform.
We suggested that there may be a biological benefit
for the development of a system of probabilistic ex-
pression for IL-4 and similar molecules (Figure 5C). Be-
cause these molecules mediate their functions in the
context of T cell/antigen-presenting cell interactions (in
which only paracrine IL-4 has a detectable action),
there may be a greater advantage in regulating what
proportion of the cells make IL-4 than in regulating how
much IL-4 an individual cell makes. This may be even
more of an advantage if the effect mediated is a quantal
one, depending upon whether a key molecular step,
such as immunoglobulin class switch recombination,
has or has not occurred. As an example, one may argue
that the frequency of B cells, participating in cognate
interactions with TH2-differentiated CD4 T cells, that
differentiate into IgE-producing cells may be deter-
mined by the proportion of such interactions in which
the T cell partner produces IL-4, a cytokine that is
essential for switching to IgE. Probabilistically regulat-
ing the proportion of TH2 cells that produce IL-4 may
allow finer control of IgE class switching than would
attempting to regulate the amount of IL-4 each uni-
formly differentiated TH2 cell produces.A major goal of this work was to understand the de-
gree of coregulation of expression of IL-4 and IL-13.
As noted in the Introduction, the genes encoding these
cytokines are close together; the two cytokines have
a receptor in common and appear capable of similar
functions. However, IL-4 is mainly a regulatory cytokine
whereas IL-13 is mainly an effector cytokine, and the
two cytokines can be differentially expressed in dif-
ferent cell types. Mast cells tend to make substantial
amounts of IL-13 and modest amounts of IL-4 whereas
basophils preferentially produce IL-4 (Paul et al., 1993).
Based on this, we asked whether the expression of Il4
and Il13 alleles was linked or unlinked. In a previous
study of the coexpression of Il4 and Il13 alleles in indivi-
dual clones, the conclusion had been reached that they
were linked (Kelly and Locksley, 2000). However, in that
paper only 14 clones were examined. Of these, seven
were monoallelic for Il4 and three for Il13; only one
clone was monoallelic for both. In that single instance,
the cis alleles were coexpressed. Our results regarding
coexpression of Il4 and Il13 alleles in individual cells by
RNA FISH were quite clear. Of 141 cells that expressed
one allele of Il4 and one of Il13, the cis alleles were
coexpressed 78 times and the trans alleles 63 times.
Although there is a slight excess of cis coexpression, it
does not reach statistical significance.
We also studied coexpression of Il4 and Il13 alleles
in clones. In contrast to a previous report (Kelly and
Immunity
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(A and B) Probabilistic “allelic” and “isotypic” expression. In naive CD4 T cells, both alleles of the Il4 and Il13 genes are largely in a “closed”
conformation. When these cells differentiate under TH2 conditions, they go through a series of divisions (indicated by numbers in the center
of the graph) and acquire a TH2 phenotype. We argue that virtually all cells cultured under such conditions rapidly acquire a TH2 phenotype,
marked by the expression of key transcription factors, such as GATA3, and by the induction of a degree of accessibility of both alleles at the
Il4 and Il13 loci. The probability that upon stimulation a cell will transcribe Il4 or Il13 from a given allele is determined in part by the degree
of accessibility of that allele. Cells in which both alleles of Il4 are “open” to only a modest degree (light brown in Figure 5A) or in which the
Il4 and Il13 alleles are only open to a modest degree (light purple in Figure 5B) have a relatively low probability of transcribing Il4 from either
allele (Figure 5A) or transcribing Il4 or Il13 (Figure 5B). Thus, upon stimulation, only a minority of cells produces either allelic product or either
cytokine, and the likelihood of both alleles or both cytokines being expressed by an individual cell is largely stochastic, accounting for
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97senting cells (APC) were purified from splenocytes by treatmentexpression of the cis allele of Il13 was also favored,
monoallelic expression. As the cells continue to differentiate under Th2 stimulatory conditions, one or the other allele of Il4 or of Il13 may
adopt a more open conformation, giving rise to a higher probability of expression. This will lead to cells that have a greater likelihood of
expressing one or the other allele or one or the other cytokine. However, because both alleles and both cytokines have some probability of
expression, even among clones of these cells, stimulation will give rise to some cells expressing the allelic form or the cytokine encoded by
the “less accessible” allele.
(C) Probabilistic expression may allow “finer” control of function. Cytokines such as IL-4 act largely in the context of cell-cell interactions,
where they may mediate functions such as B cell immunoglobulin class switching or control of macrophage phenotype. Particularly for
functions such as class switching, which either occur or do not occur, it may prove easier to regulate the frequency of cells in which the
function occurs by regulating the frequency of IL-4-producing cells rather than by attempting to control the amount of IL-4 that each Th2 cell
makes. This could provide the selective advantage that may have led to the development of a system in which probabilistic regulation results
in only a portion of homogenously differentiated cells actually producing IL-4 or related cytokines.Locksley, 2000) using qualitative PCR, we used flow
cytometric analysis of allelic expression and measured
the proportion of cells expressing one or the other al-
lele. In our experience, it is quite unusual for a clone to
exclusively express one of the two alleles, but there are
substantial differences among clones in the proportion
of cells expressing a given allele and in their relative
amounts of allele-specific mRNA. Using TH2 clones
from mice with the genotype Il13T-Il4/Il13-G4, we found
that there was no greater correlation coefficient for the
coexpression of IL-13 versus GFP (the linked alleles)
than IL-13 versus IL-4 (the unlinked alleles), implying
that there was no advantage in cis expression over
trans expression. Similarly, the correlation coefficient
(R2) for coexpression of IL-4 and IL-13 in clones from
mice that were heterozygous for the deletion of both Il4
and Il13 was 0.10, indicating a very modest degree of
linked expression.
These results are somewhat surprising in view of re-
sults regarding replication timing of Il4 alleles. It has
been shown that monoallelically expressed genes gen-
erally replicate asynchronously and that the expressed
allele replicates before the nonexpressed allele (Goren
and Cedar, 2003). Cedar and colleagues (Simon et al.,
1999) demonstrated that in fibroblasts, Il4 replicates
asynchronously, consistent with its monoallelic expres-
sion. Furthermore, Chess and colleagues (Singh et al.,
2003) have reported that in linked monoalleically ex-
pressed genes, there is coordination in the asynchro-
nous replication of the linked alleles. In particular, the
Il4 gene is located between genes for the olfactory re-
ceptor 1 and 10 genes (Olfr1 and Olfr10). These three
genes showed linked asynchronous replication in mouse
embryonic fibroblasts, implying that in cells derived
from a common ancestor, the expression of the cis al-
leles should be favored or unfavored. It would have
been expected that the close linkage of Il4 and Il13
should have resulted in a linkage in allelic expression,
which, as described above, we have not observed.
In an effort to determine whether there might be
some circumstances in which expression of Il4 and Il13
showed cis-allelic preferences, we limited ourselves to
examining only those rare clones that showed a very
marked preference for the expression of one or the
other Il4 allele. For this purpose, we used mice hetero-
zygous for expression of BALB/c and CAST/Ei Il4 al-
leles, which differ from each other at several SNPs. In-
terestingly, the site in which accessibility, as measured
by histone H3 acetylation, best correlated with prefer-
ential Il4 expression was CNS1. In these clones, thealthough there was no linkage in the relative amount of
Il4 and Il13 mRNA expressed and the percent of cells
expressing IL-4 and IL-13. This suggests that CNS1 is
a permissive site; its accessibility is important for com-
petence to express Il4 and Il13, but the degree of ex-
pression is determined by accessibility across the
gene, and the acquisition of this more general accessi-
bility appears independent of the events at CNS1. Con-
sistent with this is the report that CNS1 deletion, both
from a YAC transgene and in the form of a knockout,
diminishes expression of both IL-4 and IL-13 (Loots et
al., 2000; Mohrs et al., 2001). By contrast, the degree
of expression of the Il4 reporter eGFP in clones derived
from G4 mice correlated with greater degrees of his-
tone acetylation and CpG demethylation in a series of
sites across the gene (Guo et al., 2002).
Thus, there is a very interesting situation in which Il4
and Il13 are both subject to regulation by the same lo-
cus control element and in which it appears that the
same site (CNS1) is permissive for expression of both
and yet in which the probability of expression of the
alternative alleles is unlinked. We have not yet eval-
uated whether the degree of accessibility of the alter-
native LCR alleles differs and whether this contributes
to the expression of the alternative Il4 and Il13 alleles,
but the random character of expression would suggest
that this will not be an important level of control. As
noted at the outset, our interpretation of monoallelic
expression of the genes in the linked TH2 cytokine gene
cluster is not that the expression of a single allele was
the selective pressure leading to this mechanism.
Rather, we suggested that this form of expression was
selected because it offers a more powerful way to regu-
late functions that are based on cell-cell interaction and
particularly in which a key effect has a threshold char-
acter.
Experimental Procedures
Mice and Cells Culture
BALB/c mice were crossed to CAST/Ei mice to generate BALB/c
Il4 * CAST/Ei Il4 F1 mice. Il13 knockout mice (backcrossed to BALB/
c for more than nine generations) and wild-type BALB/c mice were
crossed to G4 mice to generate Il13T-Il4/Il13-G4 and Il13-Il4/Il13-
G4 control F1 mice. Il4-Il13 double knockout mice (backcrossed to
C57BL6 for nine generations) were purchased from Taconic. BALB/
c, C57BL6, and CAST/Ei mice were purchased from Jackson
Laboratories.
CD4 T cells were purified from lymph nodes by negative selec-
tion with FITC anti-CD8, FITC anti-B220, FITC anti-IAD, FITC anti-
NK1.1, FITC anti-CD24, and FITC anti-CD16/CD32 (all antibodies
from Pharmingen, San Diego, CA) using an Automacs. Antigen-pre-
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98with anti-Thy1.2 (ATCC, Rockville, MD) and low-Tox M rabbit com- t
Cplement (Accurate Chemical & Scientific Corporation, Westbury,
NY) at 37°C for 45 min and irradiated. CD4 T cells were primed with p
Eanti-CD3 (3 g/ml) (Harlan Bioproducts for Science, Indianapolis,
Indiana) and anti-CD28 (3 g/ml) (Harlan Bioproducts for Science, c
tIndianapolis, Indiana), APC (10×), and IL-2 (10 ng/ml). For TH1 prim-
ing, IL-12 (10 ng/ml) (R&D Systems, Minneapolis, MN) and anti-IL4 i
S(10 g/ml) (Harlan Bioproducts for Science, Indianapolis, Indiana)
were added; for TH2 priming, IL-4 (10 units/ml) (prepared in our e
blaboratory), anti-IL12 (10 g/ml) (Harlan Bioproducts for Science,
Indianapolis, Indiana), and anti-IFNγ (10 g/ml) (Harlan Bioproducts e
afor Science, Indianapolis, Indiana) were added. After priming for 4
days, cells were washed and put into IL-2 (10 ng/ml)-containing i
emedium.
For single-cell cloning, either an individual CD4positive, CD62Lbright R
land CD44dull cell (APC-anti-CD4, PE-anti-CD44, FITC-anti-CD62L
[Pharmingen, San Diego, CA]) (for Il13T-Il4/Il13-eGfp experiments) b
Cor an individual one-round-primed TH2 cell (for heterozygous Il4-
Il13 knockout experiments) was dispensed by a FACS into 96-well w
dculture dishes. Irradiated APC (2 × 105 to 5 × 105), cytokines, and
antibodies were added as described above. Clones were main- C
Stained by periodic restimulation under the initial priming conditions
and were then transferred to IL-2-containing medium.
A
CFlow Cytometry
Cells were stimulated with either PMA (10 ng/mL) and ionomycin (1 g
RM) or APC plus anti-CD3 (3 g/ml) and anti-CD28 (3 g/ml) for 6
hr. Harvested cells were fixed with 4% paraformadehyde, washed r
Swith 0.1% BSA-containing PBS, and stored at 4°C. For staining,
cells were incubated with permeabilization buffer (PBS supple- C
tmented with 0.1% BSA/0.1% Triton X-100) and various antibodies
for 20min. The antibodies used were FITC-anti-CD4 (Pharmingen, p
dSan Diego, CA), PE-anti-IL-4 (Pharmingen, San Diego, CA), and
APC-anti-IL-13 (antibody is purchased from R&D Systems, Minne- a
sapolis, MN and dye conjugated at NIH). Cells were analyzed on a
FACSCalibur (Becton Dickson, San Jose, CA). GFP expression was 
fdetected at 6 hr or 24 hr after TCR stimulation.
6
5RNA FISH
AAll reagents were RNase-free. One-round-primed TH2 cells or TH1
Gcells were stimulated for 50 min on coverslips on which anti-CD3
G(3 g/ml) and anti-CD28 (3 g/ml) had been coated. Cells were
pwashed in ice-cold PBS buffer twice and then permeabilized in
T0.5% Triton X-100-containing PBS at room temperature for 1 min.
BCells were then fixed with 4% paraformaldehyde for 10 min and
Cstored in 70% ethanol at 4°C for up to 2 weeks until used for FISH.
tTo do FISH, cells were dehydrated through successive ethanol
abaths (70% ethanol for 5 min, 80% ethanol for 5 min, and 95%
sethanol for 5 min), dried, and hybridized overnight at 37°C in a
(hybridization chamber. The probes were prepared as follows. Prim-
ers corresponding to the entire exon 1 of Il4 or Il13 (w160 bp) were
utilized to prepare DNA templates, with a T7 promoter added to C
Cthe 5# terminus of the reverse primer to produce the sense probe
or to 5# terminus of the forward primer to produce the anti-sense d
wprobe. Purified PCR products were used directly as templates to
produce biotin-labeled Il13 or degoxigenin-labeled Il4 probes using w
bMAXIscript in-vitro transcription kits (Ambion, Austin, TX). For bio-
tin-16-UTP (Roche Applied Science, Penzberg, Germany), 40% (
omodified UTP and 60% unmodified UTP were used. For digoxi-
genin-11-UTP (Roche Applied Science, Penzberg, Germany), 33% t
tmodified UTP, and 67% unmodified UTP were used. Transcripts
were purified by NH4OAc/ethanol precipitation. The primers used
ito prepare the Il4 sense probe were 5#-CATTGCATTGTTAG
CATCTCTTGATA-3# and 5#-TAATACGACTCACTATAGGCCCTCTCC C
5TGTGACCTCGTTC-3#. The primers used to prepare the Il13 sense
probe were 5#-GGCCAGCCCACAGTTCTACAG-3# and 5#-TAATAC w
5GACTCACTATAGGTGGTCTTGTGTGATGTTGCTCA-3#. The primers
used to prepare the Il4 anti-sense probe were 5#-TAATACGACT 5
TCACTATAGGCATTGCATTGTTAGCATCTCTTGATA-3# and 5#-CCC
TCTCCTGTGACCTCGTTC-3#. The primers used to prepare the Il13 A
Aanti-sense probe were 5#-TAATACGACTCACTATAGGGGCCAGCC
CACAGTTCTAC-G-3# and 5#-TGGTCTTGTGTGATGTTGCTCA-3#. A
ATwo hundred ng of labeled probe was mixed with 100× yeastRNA (Ambion, Austin, TX), 50× mouse cot-1 DNA (Invitrogen,
arlsbad, CA), 2× SSC, 50% formamide, 5% dextran sulfate (Ep-
endorf, Hamburg, Germany), 0.01 M Tris-HCl (pH 7.5), and 1 mM
DTA (pH 8.0) to produce the hybridization mix. After hybridization,
ells were extensively washed in 2× SSC/50% formamide three
imes (at 55°C, 37°C, and room temperature, respectively) and then
n 2× SSC three times, 1× SSC three times, 0.5× SSC twice, 0.2×
SC twice, and 0.1× SSC twice with agitation at room temperature;
ach wash was for 10 min. Coverslips were blocked with PBS
uffer containing 1× Western blocking reagent (Roche Applied Sci-
nces, Penzberg, Germany) and 0.1% Tween-20 at room temper-
ture for 1 hr. Detection of hybridized probes was performed by
ncubating cells with mouse anti-biotin (1:400, Roche Applied Sci-
nces, Penzberg, Germany) and sheep anti-digoxigenin (1:400,
oche Applied Sciences, Penzberg, Germany) 4°C overnight, fol-
owed by Alexa 594 donkey anti-mouse (1:500, Invitrogen, Carls-
ad, CA) and Alexa 488 donkey anti-sheep (1:500, Invitrogen,
arlsbad, CA) room temperature for 1 hr. After an extensive wash
ith 0.1% Tween-20- containing PBS, cells were stained with DAPI,
ried, and mounted with Prolong Antifade solution (Invitrogen,
arlsbad, CA). Stained cells were visualized with a Leica CNS-NT-
P confocal microscope (Leica Microsystems, Milton Keynes, UK).
llelic PCR to Detect Il4 and Il13 Transcripts
ells were cultured in V-bottom 96-well plates. Total RNA from sin-
le cell clones was isolated using RNeasy 96 kits (treated with
Nase free DnaseI) (Qiagen, Valencia, CA). Purified RNA was di-
ectly used as template for real time PCR by using Taqman One-
tep RT-PCR Master Mix Reagents Kit (Applied Biosystems, Foster
ity, CA) (9700HT Sequence Detection System, Applied Biosys-
ems, Foster City, CA). To detect Il4 allelic expression, a common
rimer pair for both alleles and allele-specific probes, labeled with
ifferent dyes, was added into the reaction, followed by allelic
nalysis by the Sequence Detection System Software (Applied Bio-
ystems, Foster City, CA). The total volume of PCR reaction was 25
l and the PCR conditions were as follows: 48°C for 30 min, 95°C
or 10 min, followed by 40 cycles of 95°C, 15 s for denaturation and
0°C, 1 min for annealing and extension. The primers for Il4 were
#-CATCGATAAGCTGCACCATG-3# and 5#-GTAATCCATTTGCATG
TGCTCTT-3#. The BALB/c Il4 probe was 5#-FAMTTCAGTGATGT
GACTT-3#. The CAST/Ei Il4 probe was 5#-VICCTTTCAGTGACGTG
AC-3#. To detect Il13 allelic expression, similar reactions were
erformed. The primers for Il13 were 5#-TACAGCTCCCTGGTTC
CTCACT-3# and 5#-CTCAGCTCCTCAATAAAGCTCCTTA-3#. The
ALB/c Il13 probe was 5#-FAMACAGATCTTGGCACCG-3#. The
AST/Ei Il13 probe was 5#-VICCAGATCTCGGCACCG-3#. To detect
he total amount of Il4 and Il13 message RNA, commercial primer
nd probe sets for murine Il4, murine Il13, and the TaqMan Ribo-
omal RNA Control Reagents for detecting the 18S ribosomal RNA
VIC MGB Probe) from Applied Biosystems were utilized.
hromatin Immunoprecipitation
hromatin Immunoprecipitation (ChIP) analysis was carried out as
escribed (Guo et al., 2002). Briefly, resting cells (107 per sample)
ere crosslinked with formaldehyde. Nuclei were isolated and DNA
as fragmented by sonication to an average size of <500 bp. Solu-
le chromatin was immunoprecipitated with anti-acetylated H3 IgG
USB, Lake Placid, NY) or control rabbit IgG (Sigma, St. Louis, MO)
vernight at 4°C. After deproteination and reversal of crosslinks,
he presence of selected DNA sequences was assessed by real
ime PCR.
To detect allelic difference of precipitated DNA, allelic PCRs sim-
lar to those described above were performed for each site. For site
NS1, the primers were 5#-TGACGCAGGCACCAAAATT-3# and
#-TGGTCCACTGTGATGCTCAGA-3#. The BALB/c CNS1 probe
as 5#-FAMATGACGAGGTCTGCTAT-3#. The CAST/Ei CNS1 probe was
#-VICATGACGAGGTTTGCTAT-3#. For Il4 HSVA, the primers were
#-GGCACCAGGGCACTTAAACAT-3# and 5#-ACCCTCCATACAG
TCCTGCAGTA-3#. The BALB/c Il4 HSVA probe was 5#-FAMCC
GCTTTCTTTGC-3#. The CAST/Ei Il4 HSVA probe was 5#-VICCC
GCTCGCTTTG-3#. For Il4 HSIII, the primers were 5#-TCCTGT
AGGTACACAATCACATTCA-3# and 5#-TGCAACCATGAAGACCTG
GTT-3#. The BALB/c Il4 HSIII probe was 5#-FAMCCAAGCCGGT
Monoallelic Expression of Il4 and Il13
99TCT-3#. CAST/Ei Il4 HSIII probe was 5#-VICACCAAGCAGGTTCT-3#.
For Il13 HSII, the primers were 5#-GCTGGCTGCTCAGGAG
CTT-3# and 5#-GGACAGGGTTTCCAGGTTCTG-3#. The BALB/c Il13
HSII probe was 5#-FAMTTCCACCCGCTGACC-3#. The CAST/Ei Il13
HSII probe was 5#-VICTTCCACCTGCTGACAGC-3#.
To detect the total amount of precipitated DNA at specific sites,
primer/probe sets, complementary to sequences within 50 bp of
the allelic primer/probe sets (described above), were used. The se-
quences were as previously described (Guo et al., 2002).
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